T he cellular and biochemical basis of class II MHC peptide selection, specifically of the I-A k molecule, is a major concern of our laboratory. From a large pool of available proteins, MHC molecules select hundreds of different peptides to present on the cell surface. However, each individual MHC allele has its own specificity and binds a select subset of the peptides generated during antigen processing (1) (2) (3) (4) . For instance, antigenpresenting cells (APC) cultured with hen egg white lysozyme (HEL) predominantly present only four HEL epitopes on I-A k (reviewed in refs. 5 and 6) . The aim of our present investigation is to determine the biochemical basis for the selection of chemically dominant epitope families.
Several characteristics of the peptides bound to I-A k inform us of key features involved in epitope selection. First, selected peptides are presented as a nested family with a core segment containing variable-length extensions (7) (8) (9) (10) (11) (12) . This core segment usually is represented by a nine residue peptide that makes two sets of interactions with the MHC molecule: one via peptide backbone hydrogen bonds to conserved MHC residues, the other by peptide side-chain-specific interactions with polymorphic pocket-lining residues (reviewed in ref. 13 ). With some MHC molecules, one or two anchor side chains may dominate the binding interaction, and are therefore considered primary anchors. The remaining peptide anchors make a minimal contribution to binding; these are referred to as auxiliary anchors. Concerning the flanking residues, variability of their lengths increases the diversity of the peptide family. Flanking residues can also contribute to MHC binding affinity and provide additional T cell contacts (14) (15) (16) (17) . Second, the selective presentation of MHC͞peptide complexes is not equivalent, but encompasses a range from peptides that are abundant, to those represented by only a few molecules (9, 12, 18, 19) . Characterization of numerous autologous peptides presented by class II indicates that approximately 40% are present in relatively high concentrations (20) , usually consisting of more than 1,000 molecules per APC. The remaining peptides are found with few copies per APC.
With respect to HEL, there is one major dominant epitope family that can occupy up to 20% of the APC's I-A k molecules, HEL(48-61) (10, 21 ). An extensive analysis of this I-A k immunodominant epitope identified Asp52 as its primary anchor, the single position most involved in I-A k high affinity binding, SDS resistance, and persistence on APC (22, 23) . Indeed, the I-A k ͞ HEL(48-61) crystal structure demonstrated that this Asp52 residue fits precisely within the I-A k P1 pocket, whereas the other anchor side chains were loosely accommodated in the remaining pockets (24) . Having an Asp at P1, the latter anchors in this peptide contribute a minor degree to binding, and are therefore considered auxiliary anchors.
Concerning HEL(48-61), because of Asp52's tight interaction with the P1 pocket and its role in binding, we speculated that the presence of Asp, as well as Asn, primary anchors served as a rationale for the abundant selection of major I-A k epitopes. Likewise, there is a preponderance of Asp and Asn residues at the fourth or fifth position of numerous naturally processed epitopes (10, 25) . According to this motif, proteins like HEL would possess multiple putative epitopes corresponding to each of these residues.
Our laboratory biochemically identified that I-A k predominantly selects four HEL epitopes: (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) , (48-62), and (115-129) (ref. 26 , and reviewed in ref. 6 ). It was found, by limiting dilution analysis of HEL-immunized mice, that T cells specific for these four epitopes account for 80-90% of the total HEL-reactive cells. At this point, we do not know whether each segment is recognized in more than one register, an issue crucial to revealing the entire repertoire of T cell epitopes of an antigen. Moreover, we question whether nonprimary anchor residues influence I-A k selection and binding of peptides bearing putative P1 anchors.
Materials and Methods
Peptide Synthesis and Radiolabeling. Peptides were synthesized by using fluorenylmethoxycarbonyl chemistry on a Symphony peptide synthesizer (Rainen Instruments), purified to homogeneity by reverse phase HPLC, and analyzed by matrix-assisted laser desorption ionization-time of flight. Some peptides were labeled on internal Tyr residues with NaI 125 by the chloramine-T method, as described by Nelson et al. (27) .
Relative Binding Affinity Measurements. PBS (2.5 l) containing 50 mM L-lysophosphatidylcholine and 20 mM MEGA-8 and MEGA-9, 7.5 l of 1 M 2-N-morpholino ethane sulfonic acid at pH 5.5, 0.125 pmol of iodonated reference peptide (sequence YEDYGILQINSR), and 12.5 pmol of detergent-solubilized I-A k (purified according to ref. 28) were mixed in 1.5-ml tubes. Test peptide (5 l) was added to the reactions in increasing concenAbbreviations: APC, antigen-presenting cell; HEL, hen egg white lysozyme; RIC Ϫ1 , relative inhibitory concentration.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (21) . These 125 I-labeled peptides were bound to purified I-A k as described above, but without competitor peptide. Each immunoprecipitation contained roughly 50,000 cpm of Bio-spin-purified I-A k ͞peptide complexes in 100 l of PBS with 1% Triton X-100. Various doses of the Aw3.18 antibody (up to 75 g) were added to the mixtures and incubated for 2 h at 4°C. Subsequently, 50 l of a 50% slurry of protein G-Sepharose in PBS with 1% Trition X-100 was added to each precipitation reaction. The mixtures were incubated for an additional hour at 4°C. Antibody-bound complexes were separated from nonreactive complexes by centrifugation through oil columns consisting of 60% (vol͞vol) dibutyl phthalate and 40% (vol͞vol) dioctyl phthalate.
SDS͞PAGE Stability of I-A k ͞Peptide
Complexes. The ability of individual peptides to stabilize I-A k heterodimers migrating through SDS͞PAGE gels was determined by using 125 I-labeled peptide bound to purified I-A k , as described above. The complexes were immunoprecipitated with 25 g͞ml of 40 F anti-I-A k ␤ monoclonal antibody for 2 h at 4°C (23), captured with protein ASepharose beads, and then incubated with 100 l of SDS͞sample buffer for 1 h at room temperature. Lastly, the I-A k ͞peptide complexes were run on SDS͞10% PAGE gels. Gels were dried and analyzed by phosphorimaging. Labeled peptides migrated either with the ␣␤ heterodimer (stable) or dissociated from it and ran at the bottom of the gel (unstable).
I-A k ͞Peptide Complex Off-Rate. I-A k complexes were formed with 125 I-labeled peptides and subsequently purified with P6 Bio-spin columns. An excess (5 nmol) of unlabeled peptide (sequence YEDYGILQINSR) was added to inhibit rebinding of the radiolabeled peptides. Aliquots of the purified complexes were subjected to additional separations with P6 Bio-spin columns at specified time points and evaluated by ␥ counting. The remaining cpm of bound peptide at each time point was expressed as a percentage of the initial amount of bound peptide (t ϭ 0). The major family of selected HEL peptides usually starts at residue Asp48 and ends at Trp62 or Trp63. We asked whether HEL(48-62) contains two binding registers, having either the Asp52, described previously, or the Asp48 as P1 anchors. We also questioned the apparent lack of naturally selected peptides extending beyond Asn46 or Asn44, which may serve as potential P1 anchors. Accordingly, there may be four potential binding registers within an extended HEL(42-61) segment ( Fig. 1) , each possessing candidate primary anchors for I-A k P1 pocket binding: Asn44, Asn46, Asp48, and Asp52 (corresponding to register 1). With respect to T cell recognition, binding through these different putative registers would generate distinct T cell epitopes from a single peptide segment.
We examined the binding of each of these four overlapping registers by two methods. First, the relative affinity of different N-terminal length peptides was compared with that of HEL(48-61) to determine the effect of multiple peptide registers on I-A k binding ( Fig. 2A ). All possessed similar relative affinities for I-A k . This finding led us to substitute the Asp52 P1 anchor with Lys, an inhibitory residue that prohibits register 1 binding (20) . Blocking register 1 binding with a Lys52 substitution completely inhibited the binding of all of the HEL(48-61)-containing peptides.
Second, we selectively immunoprecipitated purified I-A k complexes formed with iodinated peptides of different N-terminal lengths, HEL(48-61), HEL(44-61), or HEL(40-61), by using the Aw3.18 monoclonal antibody (Fig. 2B) . The Aw3.18 antibody reacts only with I-A k complexes bound to HEL(48-61)-containing peptides in which the P1 pocket harbors the Asp52 anchor, i.e., register 1 (21) . We expected that the binding of the extended peptides to I-A k through multiple registers, for example registers 2, 3, or 4, would decrease the number of Aw3.18-reactive complexes. Nonetheless, an equivalent amount of material was immunoprecipitated with each reaction. We concluded from these two approaches that HEL(40-61), HEL(44-61), and HEL(48-61) form complexes only through register 1.
Specific Combinations of Peptide Auxiliary Anchors Prevent I-A k
Binding. We then considered that the auxiliary anchors corresponding to each of the alternative registers may reduce peptide binding. First, we explored the specificity of I-A k pockets by examining the binding of individual HEL(48-61) variants with single P4, P6, P7, or P9 auxiliary anchor substitutions (Fig. 3 ). Peptides were made in which each HEL(48-61) auxiliary anchor was substituted separately with different residues. Most substitutions did not change or had only subtle effects on HEL(48-61) binding to I-A k . However, the P4 pocket did not accept Lys, Trp, On the unfolding of HEL during antigen processing, the I-A k P1 pocket has the potential to bind to one of four Asp or Asn residues within HEL(42-61), resulting in four separate registers. These four registers are underlined with the predicted P1 anchors in italics and corresponding auxiliary pockets labeled P4, P6, P7, and P9. Register 1 of the immunodominant HEL(48-61) peptide (shaded box) is established by Asp52 (solid-outline box) anchoring at the P1 pocket. The three additional putative P1 anchors, Asn44, Asn46, and Asp48 are shown in dotted-outline boxes.
or Tyr, whereas the P6 pocket was sensitive to Lys, implying that I-A k selects against peptides containing these residues at the P4 and P6 anchor positions. Likewise, Lys was not favored at the P7 or P9 anchor positions.
Second, we substituted all four auxiliary anchors of HEL(48-61) (P4 Ile, P6 Gln, P7 Ile, and P9 Ser) with the corresponding auxiliary anchors from four peptides known to bind to I-A k to determine the ability of favorable anchors to be exchanged. These auxiliary anchors were derived from the transferrin receptor (10), DNA B (10), cathepsin H (25) , and A␤k molecule (25) naturally processed epitopes (Fig. 4A) . For instance, the A␤k peptide P4 Val, P6 Glu, P7 Phe, and P9 Ala anchors replaced the analogous HEL(48-61) auxiliary anchors, resulting in the chimeric peptide: DGSTDYVLEFNAR. The auxiliary anchors from the different epitopes were exchangeable, for the chimeric HEL(48-61) peptides bound I-A k with equal or improved relative affinities as their naturally processed counterparts.
Third, knowing that auxiliary anchors from binding epitopes could be exchanged and preserve I-A k binding, we analyzed the binding of peptides in which the HEL(48-61) auxiliary anchors were substituted together with the four corresponding auxiliary anchors derived from each putative register 2, 3, and 4 of Fig. 1  (Fig. 4B) . The complete replacement of the four HEL(48-61) auxiliary anchors with those from any of the three other registers prevented binding. Weak interactions result in complexes with a higher propensity to dissociate, whereas the contrary holds for many strongbinding peptides (6, 16, 29) ].
Individually, no single anchor substitution inhibited binding, but several altered the interaction with the complex. For example, a P4 Thr from register 2 or 4 placed at the hydrophobic P4 pocket had a minor negative effect on binding and dissociation rate, accompanied by a slight decrease in the SDS-resistance of the complex compared with the wild-type peptide. This result is in contrast to a Gly P4 substitution from register 3, which had a moderate effect on the relative binding affinity, but significantly increased both the off-rate and the sensitivity of the complex to SDS denaturation. In a similar manner, P6 substitution with the corresponding P6 anchor from either register 2 or 3, Tyr and Thr respectively, slightly affected the relative binding but negatively altered the SDS-resistance and the off-rate of the complexes. In the case of the I-A k P7 pocket, the predicted P7 anchors from each of the three alternative registers had subtle negative effects on peptide relative affinity. The P7 Gly and Asp of registers 2 and 3 had only moderate negative effects on complex persistence and SDS-resistance. P9 anchor substitutions from the alternative registers were the most tolerated and did not modify significantly the binding properties of the complex.
Although separate substitutions had only a mild effect, combinations of two, three, or four substitutions compounded the reduction in binding. Note the effects from the register 2 Tyr at P6 together with Gly at P7 (Fig. 5 ). An additional substitution of either P4 with Thr or P9 with Leu completely abrogated binding. It is noteworthy that binding was most sensitive to multiple substitutions, which included Gly at P4, P6, or P7.
We also determined the responsiveness of the 3A9 T cell hybridoma to HEL(48-61) substitutions with register 2 and 3 auxiliary anchors. According to the I-A k crystal structure (24), these anchor side-chain substitutions should not be directly available for contacting the T cell antigen receptor, but instead be buried within I-A k pockets. The T cell hybridoma was virtually unresponsive to substitutions with register 2 or 3 auxiliary anchors, and recognized only single P4, P6, and P9 substitutions. Therefore, the 3A9 T cell hybridoma had an exquisite sensitivity to alterations of the HEL(48-61) complex induced by auxiliary anchor substitutions. The ability of auxiliary anchor substitutions to modify T cell responses has been reported previously, including in refs. 30 and 31. The specific auxiliary anchor combinations of the nonbinding peptides potentially explains their lack of selection by I-A k during processing and the lack of T cells specific to them. Several of the nonbinding peptides possessed either a basic or large aromatic at P4 or basic residue at P6, which prevented peptide binding (Fig. 6B) . For example, Asp18 as the P1 of HEL (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) would produce the P4, P6, P7, and P9 anchor combination Arg-Tyr-Ser-Gly. The P4 Arg likely blocked the binding of this peptide. However, the same HEL(14-30) peptide could alternatively enter the P1 pocket with Asn19, generating the auxiliary anchor combination Gly-Ser-Leu-Asn. Replacing HEL(48-61) Ile-Gln-Ile-Ser auxiliary anchors with those of HEL(14-30), Gly-Ser-Leu-Asn, ablated the high-affinity binding of the HEL(48-61) peptide (Fig. 7A) Register 1 HEL(48-61) P4, P6, P7, and P9 anchors were substituted with one, two, three, or four auxiliary anchors from each of the alternative registers (2, 3, or 4) and analyzed for binding. HEL(48-61) substitutions with register 2 and 3 auxiliary anchors also were analyzed for SDS͞PAGE stability and half-life. Additionally, register 2-and 3-substituted HEL(48-61) peptides were incubated with I-A k -bearing APC and offered to 3A9 T cell hybridomas. ϩϩϩ, maximal IL-2 response; ϩϩ, moderate IL-2 response; Ϫ, no IL-2 response. The maximal response corresponded to approximately 40,000 -60,000 cpm at 0.1 M, whereas moderate required 10-to 50-fold more peptide for a similar response. NB, nonbinding; ND, not determined because of poor binding.
themselves likely to be inhibitory, whereas the combination of Gly-Ser-Leu-Asn of HEL(55-68) and Thr-Gly-Ser-Asn of HEL(62-75) resemble the negative residues described from HEL(42-61) registers 2 and 4 (Fig. 5 ).
In (Fig. 7B) . These anchors enabled the binding of HEL (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) . A similar manipulation was performed with the HEL(55-68), HEL(62-75), and HEL(89-102) peptides. The favorable Ile-Gln-Ile-Ser also enabled the binding of these normally nonbinding peptides, albeit at a lower binding strength.
Discussion
We have demonstrated that the presence of a strong primary anchor interaction alone was not sufficient for peptide binding and that there was a significant role for auxiliary anchors in epitope selection. Auxiliary anchors, singly or together, did not add to binding strength. Indeed, a polyalanine peptide bearing an Asp P1 anchor bound as well as the wild-type HEL(48-61) peptide (23) . However, our analysis highlighted that auxiliary anchors, individually or collectively in specific combinations, contributed to the binding of peptides with strong primary anchors. Furthermore, the interplay of auxiliary pockets collectively fine tuned the specificity of epitope selection and restricted the number of possible I-A k binding registers along a peptide.
Here we see that the most significant auxiliary anchor affects on binding, stability, and peptide half-life were centered at the P4 and P6 pockets, which form at the interface of the I-A k ␣ and ␤ chains. The stability of I-A k may have a predisposed susceptibility to unfavorable pocket and anchor interactions at this site. Likewise, I-A k stability also is exceptionally sensitive to P1 pocket interactions (23) .
Our results indicated that basic P4 anchors were strongly inhibitory to peptide binding. This negative effect may have arisen from the inability of the hydrophobic and medium-sized P4 pocket to accommodate the charge and size of basic side chains. Tyr and Trp P4 anchors also blocked peptide binding, possibly by their bulky sizes. The smaller size of acidic residues may explain why negatively charged anchors were tolerated more readily at this pocket. In comparison, a small Gly P4 anchor only slightly decreased I-A k relative affinity. However, a Gly P4 anchor severely reduced both the stability and half-life of the complex. This reduction may have been a result of several missing hydrophobic interactions formed by other hydrophobic anchors, for instance Ile or Ala (24, 32) . Moreover, Gly anchors may have left an empty P4 pocket cavity to be filled by water, which likely is less favorable than occupying it with a larger, hydrophobic side chain.
The P6 pocket is formed by both hydrophobic and hydrophilic residues that impart a preference for polar and acidic anchors. Basic P6 anchors completely inhibited peptide binding, potentially by interfering with the His␤9 positioned at the base of the pocket. The I-A g7 P6 pocket, which also bears a His␤9 (33), disfavors basic residues as well (unpublished data). Although a P6 Thr did not disrupt peptide binding significantly, as a Thr anchor did at the P6 pocket of DR1 (34), it did decrease the half-life and SDS resistance of I-A k complexes substantially. A P6 Thr likely lacked the two hydrogen bonds formed by Gln, shown in the I-A k ͞HEL(48-62) structure (24), potentially weakening the interaction with the pocket. Its hydroxyl also may have conflicted with that of Thr␣65, lining the top of the pocket. In a similar manner, a Tyr anchor at the P6 pocket decreased complex stability, but not at the cost of relative affinity. A large Tyr P6 anchor could have raised the peptide backbone within the binding groove, to be accommodated at the P6 pocket. This backbone repositioning potentially could have compromised hydrogen bonds between the P6 amine and the Asn␣62 and͞or P7 amine with Tyr␤30, both of which are frequently observed among class II molecules (13) . Another possible scenario may be that the Tyr avoided being buried within the P6 pocket and was more solvent-exposed. Similarly, the I-A d structures demon- Fig. 3 ). However, HEL (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) and HEL(62-75) did not contain any of these individual inhibitory residues, therefore, their combinations of auxiliary anchors were hindering. (B) Replacing the inhibitory residues of potential HEL epitopes with favorable auxiliary anchors imparted the ability to bind I-A k . The auxiliary anchors of four nonbinding peptides were replaced with favorable anchors derived from HEL(48-61). These chimeric peptides gained the ability to bind I-A k . However, these peptides did not bind with the same affinity as the natural HEL(48-61) peptide did, likely because of additional effects of nonanchor residues. strated that peptide binding could occur even when the P1 and P9 anchors were not buried completely within their corresponding pockets (35) . Nevertheless, contorting the peptide conformation to avoid nonfavorable anchor interactions with particular pockets may not have been conducive to the proper positioning of the remaining anchors.
The P7 and P9 pockets are more distant from the ␣ and ␤ chain interface than are the P4 and P6 pockets (24) . Accordingly, their anchor substitutions had fewer effects on binding. Nonetheless, the P7 pocket, lined with predominantly hydrophobic residues, was mildly to moderately sensitive to Gly, acidic, basic, and polar anchors. A Gly anchor at the P7 pocket would have lacked several hydrophobic side-chain interactions with the pocket formed by the Ile and Trp anchors of the I-A k structures. It also may encourage unfavorably the packing of water along the hydrophobic ledge, or the rearrangement of the pocket's residues to exclude water. Arg and Lys anchors would have been poised to have a possibly negative interaction with Arg␤70 lining the top of the pocket. However, the I-A k crystal structures indicated that Arg␤70 was solvent-exposed, therefore, it may have adopted a conformation that may not necessarily have conflicted with an Arg or Lys peptide anchor (24, 32) . In the case of the P9 pocket, Lys slightly decreased peptide relative affinity, potentially by interfering with Arg␣76.
I-A k tolerated single unfavorable anchors. However, when these anchors were found together within a peptide, they synergized to disrupt peptide binding, even in the presence of a strong primary anchor. Therefore, we consider these auxiliary anchors ''hindering'' because the severity of their negative effects on binding was manifested when they were found together in specific combinations. Although other studies have reported on single negative anchor residues (31, (36) (37) (38) , the striking effect noted here was the negative cooperativity among them, especially those combinations that included a Gly. A similar interdependence of different anchors has been demonstrated in the H2-K b class I system in which the specificity of the B and C pocket was coupled (39) .
We have demonstrated that I-A k auxiliary pockets had the ability to accommodate a diversity of anchors, potentially broadening the spectrum of peptides that could bind. However, these auxiliary pockets also used an intricate mechanism of anchor discrimination that resulted in the selective presentation of peptides. In conclusion, we found that I-A k auxiliary pockets refine the specificity of peptide selection, providing them with a powerful role in epitope selection.
